To increase the pH optimum of glucoamylase (GA), five mutations-S411G, S411A, S411C, S411H and S411D-were designed to destabilize the carboxylate ion form of Glu400, the catalytic base, by removing or weakening the hydrogen bond between Ser411 and Glu400, and thereby raising its pK. The substitution of alanine, histidine and aspartate were also designed to study the additional effects of polarity and both positive and negative charges, respectively. S411G GA had catalytic efficiencies like those of wild-type GA for isomaltose, maltose and maltoheptaose hydrolysis at pH 4.4, while S411A and S411C GAs had 54-74% and S411H and S411D GAs had only about 6-12% of wild-type catalytic efficiencies. All five mutations increased the pH optimum in the enzyme-substrate complex, mainly by raising pK 1 values. S411A is the best performing and most industrially promising of the pH mutants isolated to date. S411A GA increased the pH optimum by 0.8 units for both maltose and maltoheptaose hydrolysis while maintaining a high level of activity and catalytic efficiency. In hydrolysis of 28% DE 10 maltodextrin, S411A GA had a pH optimum of 7 compared with pH 5.6 for wild-type GA, and had higher initial rates of glucose production than wild-type GA at all pH values tested above pH 6.6.
Introduction
Glucoamylase (1,4-α-D-glucan glucohydrolase; EC 3.2.1.3, GA) is an enzyme that catalyzes the release of β-D-glucose by hydrolyzing α-1,4-and α-1,6-glucosidic linkages from the nonreducing ends of starch and related oligo-and polysaccharides. GAs from Aspergillus awamori and Aspergillus niger, which are encoded by an identical gene (Svensson et al., 1983; Nunberg et al., 1984) , are used in industry to produce highglucose syrups from dextrin already liquefied by α-amylase. Glucose syrups are isomerized by glucose isomerase to produce fructose sweeteners. The pH optimum of GA (pH 4-4.5) is lower than that of α-amylase (pH 5.5-6.5) and glucose isomerase (pH 7-8) . GA hydrolysis must be done separately from the other enzymatic reactions, and many inorganic salts produced from the neutralization of the digestion medium must be removed from the final product. An increased pH optimum for glucoamylase would be industrially desirable so that it could be used in process conditions more similar to that of other enzymatic steps in starch processing. Some research has been done to decrease the pH optimum of glucose isomerase (van Tilbeurgh et al., 1992; Siddiqui et al., 1993) . Since a significant change, such as 3 pH units, in the pH optimum of an enzyme is still very difficult to achieve, an effort to shift the pH optima of both GA and glucose isomerase would more likely be successful in bringing their pH optima close to each other. If the pH optima of GA and glucose isomerase were close to that of α-amylase (pH 5.5-6.5), the acidification and neutralization steps could be omitted. The concurrent use of GA and glucose isomerase in a reactor would have the additional benefit of lowering the glucose concentration, thus preventing GA reversion reactions and accumulation of isomaltose.
pH dependence of an enzyme is determined by the ionization of the catalytic groups, which is affected by various interactions involved in their microenvironments. Two carboxyl groups are involved in the catalytic mechanism of GA (Hiromi et al., 1966) , Glu179 and Glu400 (A.awamori and A.niger numbering) (Sierks et al., 1990; Harris et al., 1993; Frandsen et al., 1994; Ohnishi et al., 1994) . Glu179, the catalytic acid, protonates the oxygen in the glucosidic linkage. Glu400, the catalytic base, activates water (Wat 500) for nucleophilic attack at carbon C-1. Our strategy for increasing the pH optimum of GA, based on homology among related GAs and the threedimensional structure of GA, was to change the polarity, charge distribution and hydrogen bonding in the microenvironment of Glu400 by using site-directed mutagenesis. According to the three-dimensional structure of GA (Aleshin et al., 1992 (Aleshin et al., , 1994a (Aleshin et al., ,b, 1996 Harris et al., 1993; Stoffer et al., 1995) , Ser411 hydrogen-bonds to the catalytic base Glu400. Position 411 is either Ser or Gly in the known GA sequences (Coutinho and Reilly, 1994) . The stereo view of the environment around Glu400 of GA from A.awamori var. X100 containing acarbose (an inhibitor of GA) in the active site is shown in Figure 1 . In this study, mutation S411G was constructed to remove the hydrogen bond between Ser411 and Glu400, which would destabilize the carboxylate ion of Glu400, thereby raising the pK of Glu400 (pK 1 ). Mutations S411A, S411C, S411H and S411D were constructed to further investigate the effects of polarity, hydrogen bonding and charge distribution on the pH dependence of GA. Bakir et al. (1993) also tried to alter the pH dependence of glucoamylase by introducing mutations, including D176E, L177D, W178D, E179D, E180D, V181D, N182D and two insertion mutations, in the region near or at Glu179, the catalytic acid. In spite of the increased total negative charge in most cases, the pH dependence of the active mutant GAs was very similar to wild-type GA. The pH dependence of many other mutant GAs, including Y48W, R54L, D55G, D176N, E180Q, G183K, S184H, D309E, D309N, W317F, E400Q and Q401E (Sierks et al., 1990; Sierks and Svensson, 1993; Frandsen et al., 1995; Sierks and Svensson, 1994; Sierks and Svensson, 1996) , also have been investigated; however, most of these mutations had very similar or decreased pH optima in both the free enzyme and the enzyme-substrate complex. Only the E400Q mutation had an increased pH 
Materials and methods

Materials
The yeast strain Saccharomyces cerevisiae C468 (α lue2-3 leu2-112, his3-15, mal -) and the yeast expression vector YEpPM18, containing the wild-type GAI cDNA from A.awamori, were gifts from Cetus Corporation. Acarbose was donated by Miles Laboratories. Maltose, maltoheptaose, glucose oxidase and peroxidase were from Sigma. Isomaltose was from TCI America. DE (dextrose equivalent) 10 maltodextrin (Maltrin ® M100), containing a mixture of maltooligosaccharides with an average degree of polymerization 10, was from Grain Processing Corporation. T4 DNA ligase and restriction enzymes were from Promega.
Construction of mutant GA genes
The GA gene was mutated by site-directed mutagenesis according to the protocols of the Muta-Gene phagemid in vitro mutagenesis kit (from Bio-Rad) as previously described (Fang et al., 1998) . The oligonucleotide primers used in site-directed mutagenesis included 5Ј-GGC GAG CAG CTT GGA GCA CGC GAC CTG AC-3Ј (S411G), 5Ј-GGC GAG CAG CTT GCA GCA CGC GAC CTG AC-3Ј (S411A), 5Ј-GGC GAG CAG CTT TGT GCA CGC GAC CTG AC-3Ј (S411C), 5Ј-GGC GAG CAG CTT CAT GCA CGC GAC CTG AC-3Ј (S411H) and 5Ј-GGC GAG CAG CTT GAT GCA CGC GAC CTG AC-3Ј (S411D). The designed GA mutations are shown in bold, and the silent mutations designed for decreasing the melting temperature of primer hairpins are shown in italics. All designed mutations were confirmed by DNA sequencing. The mutated GA cDNAs were subcloned into YEpPM18 and transformed into S.cerevisiae C468 as previously described (Chen et al., 1994) . Production and purification of GA Wild-type and mutant GAs were produced by growing YEpPM18-transformed S.cerevisiae C468 at 30°C in SD-His broth (Innes et al., 1985) as previously described (Fang et al., 1998) . The culture supernatants containing secreted GA were concentrated and diafiltrated by ultrafiltration, and purified by 384 acarbose-Sepharose affinity chromatography (Chen et al., 1994) .
Protein concentration measurement
The concentrations of wild-type and mutant GAs were determined by the Pierce bicinchoninic acid protein assay with bovine serum albumin as a standard (Smith et al., 1985) .
Enzyme kinetics
The values of k cat and K m for hydrolysis of isomaltose, maltose and maltoheptaose were determined at 45°C in 0.05 M NaOAc buffer at pH 4.4 by using 10 to 12 substrate concentrations ranging from 0.1K m to 10K m as described previously (Fang et al., 1998) . The change of transition-state binding energy [∆(∆G)] for substrate hydrolysis caused by the mutation, which was used to estimate the binding strength of the substrate in the transition-state complex, was calculated by the equation
, where the subscripts mut and wt refer to mutant and wild-type enzymes, respectively (Wilkinson et al., 1983) .
pH dependence of glucoamylase activity pH dependence of glucoamylase activity was measured at 45°C at 16 different pH values, ranging from 2.2 to 7.0, using 0.025 M citrate-phosphate buffer (McIlvane, 1921) with maltose or maltoheptaose as substrate. The ionic strength of the citrate-phosphate buffer was maintained at 0.1 by adding KCl. Substrate concentrations were (i) smaller than 0.2K m , so that the initial rate was proportional to k cat /K m , and (ii) higher than 10K m , so that the initial rate was proportional to k cat Whitaker, 1994) . Experiments were duplicated and the average initial rates were used. The pK values of two catalytic groups of free enzyme and enzymesubstrate complex were calculated by fitting the initial rates as a function of pH values to the equation log Y ϭ log [C/ (1 ϩ H/K 1 ϩ K 2 /H)] by using Enzfitter software (ElsevierBiosoft). Y is the observed value of the parameter of interest (i.e. k cat /K m or k cat ) measured at different pH values, C is the pH-independent value of Y (i.e. the maximal value of k cat /K m or k cat ), H is the concentration of hydrogen ion, and K 1 and K 2 are dissociation constants of catalytic groups of the enzyme. When the values of apparent pK 1 and pK 2 were separated by less than 3 pH units, the pK values were adjusted by equations Whitaker, 1994) . The concentration of hydrogen ion at the pH optimum, (H ϩ ) opt , was calculated from pH opt which is equal to the average of apparent pK 1 and pK 2 . (H ϩ ) 1 and (H ϩ ) 2 (apparent K 1 and K 2 ) correspond to the concentrations of hydrogen ion when the pH values are equal to apparent pK 1 and pK 2 , respectively.
Hydrolysis of DE 10 maltodextrin
Hydrolysis was performed at 35°C by using 28% (w/v) DE 10 maltodextrin in 0.025 M citrate-phosphate buffer (McIlvane, 1921) at different pH values with sodium azide (0.02%) to inhibit microbial growth. Enzyme concentration was 2.64 µM. Samples were taken from 0.5 to 120 h and the reactions were quenched by mixing samples with the same volume of 1 M Tris-HCl buffer at pH 7.0, since Tris is a known inhibitor of GA (Clarke and Svensson, 1984) . Glucose concentration was measured by the glucose oxidase method (Rabbo and Terkildsen, 1960) . The initial rates of glucose production were determined by fitting experimental data to the equation c ϭ At/(1 ϩ Bt), where c is the product concentration, t is time, A (the initial rate) and B are obtained from the nonlinear regression.
Results
Enzyme kinetics
The kinetic parameters, k cat and K m , for the hydrolysis of α-1,4-linked maltose and maltoheptaose and α-1,6-linked isomaltose at 45°C and pH 4.4 are given in Table I . Mutant S411G GA was highly active compared with wild-type GA, with increased k cat and K m values of 13-30% and 11-59%, respectively, on the substrates tested. The catalytic efficiencies (k cat /K m ) were 71-116% that of wild-type GA. Mutant S411A GA maintained 65-74% of wild-type GA catalytic efficiency with a slightly decreased k cat and a slightly increased K m . Mutant S411C GA maintained 54-73% of wild-type GA catalytic efficiency with a decrease in both the k cat and K m values. Since mutant S411H and S411D GAs had only about 6-12% of wild-type catalytic efficiency resulting from a seriously decreased k cat and an increased K m , their kinetic parameters for the hydrolysis of isomaltose were not determined. Only mutants S411H and S411D GAs had large increases (5.5-7.5 kJ/mol) in the transition-state energy, ∆(∆G), for the hydrolysis of maltose and maltoheptaose. The large increases of transition-state energy indicated that the introduction of histidine or aspartic acid into position 411 substantially destabilized the binding between GA and substrate in the transition state.
pH dependence of GA activity
The kinetic parameters, k cat /K m and k cat , of the hydrolysis of maltose by wild-type and mutant GAs at different pH values were calculated from initial rates obtained at low (smaller than 0.2K m ) and high (higher than 10K m ) concentrations of maltose. The effects of pH on the k cat /K m and k cat of maltose hydrolysis ( Figure 2 ) were used to determine the pK values (Table II) of the free enzymes (uncomplexed forms) and the enzymesubstrate complexes, respectively. Although wild-type GA had a higher catalytic efficiency (k cat /K m ) than all of the mutant GAs at all of the pH values tested (Figure 2a) , mutant S411G and S411A GAs had higher k cat values than that of wild-type GA at some pH values (Figure 2b ). The uncomplexed and maltose-complexed S411H and S411D GAs showed more narrow bell-shaped curves than that of wild-type GA. The effects of pH on the hydrolysis of maltoheptaose by wild-type, S411G and S411A GAs were measured (Figure 3 ) to further investigate the change of pK values and pH optimum of enzyme-substrate complexes using a long-length substrate (Table II) . Surprisingly, not only S411G but also S411A GA were highly active compared with wild-type GA at the pH optimum. Wild-type GA pK 1 values (ionization of the catalytic base) were 2.77, 2.11 and 2.60 for the free enzyme, the maltose-complexed form, and the maltoheptaose-complexed form, respectively. The pK 2 values (ionization of the catalytic acid) of wild-type GA were 5.80, 5.85 and 6.78 for the free enzyme, the maltose-complexed form and the maltohepatosecomplexed form, respectively. These pK values of wild-type GA are consistent with the values reported previously (Hiromi et al., 1966; Bakir et al., 1993; Sierks and Svensson, 1994) . Compared with wild-type GA, the S411G mutation increased Fig. 2 . pH-activity dependence for uncomplexed (A) and maltosecomplexed (B) wild-type (s), S411G ( ), S411A (r), S411C (,), S411H (u) and S411D (m) GAs. Maltose concentrations were 0.2, 0.2, 0.2, 0.1, 0.5 and 0.5 mM for (a) for wild-type, S411G, S411A, S411C, S411H and S411D GAs, respectively. Maltose concentration was 40 mM for (b) for wild-type and mutant GAs.
the pK 1 of both the maltose-complexed form and the maltoheptaose-complexed form by~0.6 units, whereas it had no effect on the pK 2 of either enzyme-substrate complexes and only had a minor effect on the pK 1 and pK 2 of the free enzyme. The combined effect of the S411G mutation on pK 1 and pK 2 was an increased pH optimum of both the maltose-complexed form and the maltoheptaose-complexed form by~0.3 units. The S411A and S411C mutations had very similar effects on the pH dependence of maltose hydrolysis, increasing the pK 1 Fig. 3 . pH-activity dependence for maltoheptaose-complexed wild-type (s), S411G ( ) and S411A (r) GAs. Maltoheptaose concentration was 2 mM.
of the free enzyme and the maltose-complexed form by 0.3-0.5 and 1.2 units, respectively. Surprisingly, the S411A and S411C mutations also increased the pK 2 of the maltosecomplexed form by~0.5 units. In addition, the S411A mutation increased the pK 1 and pK 2 of the maltoheptaose-complexed form by 1.3 and 0.4 units, respectively. The S411H mutation increased the pK 1 of the free enzyme and the maltosecomplexed form by 0.3 and 1.5 units, respectively; however, it decreased the pK 2 of the free enzyme and the maltosecomplexed form by 0.8 and 1.2 units, respectively. The S411D mutation increased the pK 1 of the free enzyme and the maltosecomplexed form by 0.4 and 1.2 units, respectively, while it decreased the pK 2 of the maltose-complexed form by 0.3 units. For wild-type, S411G, and S411A GAs, the values of pK 1 , pK 2 and pH opt for the maltoheptaose-complexed forms were higher than those of the corresponding maltose-complexed forms by~0.5,~0.9 and~0.7 units, respectively. For S411G and S411A GAs, the increases in pH optimum (compared with that of wild-type GA) obtained using the long-length substrate (maltoheptaose) were almost the same as that obtained using the short-length substrate (maltose). These five mutants at position 411 showed a shift of~0.2-0.9 units in the pH optimum of the enzyme-substrate complex compared with wild-type GA, mainly due to increased pK 1 values. Compared with other mutant GAs, S411A GA was the best performing. This mutation increased the pH optimum by 0.8 units while also maintaining a high level of both catalytic activity (k cat ) and catalytic efficiency (k cat /K m ). 
Hydrolysis of DE 10 maltodextrin
The hydrolysis of 28% (w/v) DE 10 maltodextrin was used to study the pH dependence of GA activity at a high concentration of a long-length substrate. The production of glucose by wild-type and S411A GAs during the hydrolysis of DE 10 maltodextrin at 11 different pH values was determined and used to calculate the initial rates of glucose production at different pH values (Figure 4 ). The concentration of glucose increased with time following a hyperbolic curve (data not shown). S411A GA had higher initial rates of glucose production than wild-type GA at pH values above 6.6 (Figure 4 ).
Discussion
Ser411 was chosen as a target for site-directed mutagenesis because it hydrogen bonds to Glu400, the catalytic base (Aleshin et al., 1992 (Aleshin et al., , 1994a , and Ser411 is replaced by Gly in other related GAs from Arxula adeninovorans, S.cerevisiae, S.diastaticus and Saccharomycopsis fibuligera (Coutinho and Reilly, 1994) . The pH optima of GAs from these four species are 4.0-5.5 (starch substrate), 4.5-6.5 (starch substrate), 5.1 (maltotriose substrate) and 5.5-6.0 (starchy substrate), respectively (Modena et al., 1986; B uttner et al., 1987; Kleinman et al., 1988; Futatsugi et al., 1993) , and are the same or higher than that of A.awamori/A.niger GA.
Substitutions of glycine, alanine and cysteine at position 411 were designed to remove the hydrogen bond between Glu400 and Ser411 (Figure 1) , which was expected to destabilize the carboxylate ion form of Glu400 and thus raise pK 1 . The S411G mutation did result in an increase of pK 1 of the enzyme-substrate complex with either maltose or maltoheptaose as substrate by~0.6 units ( Table II) . The alanine substitution also should have decreased the polarity in the microenvironment around Glu400, which would also raise pK 1 . The very similar effects on pH dependence of S411A and S411C GAs suggest that the decreased polarity may have had little effect.
The removal of the hydrogen bond between Glu400 and Ser411 increased pK 1 of the enzyme-substrate complexes by only~0.6 units for S411G GA, compared with~1.2 units for S411A and S411C GAs. One explanation for the smaller (Aleshin et al., 1994a,b) and the putative hydrogen bonding network in S411G GA (B).
increase in the pK 1 of S411G GA is the possible presence of a water molecule in the space between Gly411 and Glu400, which may form a hydrogen bond that compensates for the loss of the hydrogen bond between Glu400 and Ser411 ( Figure 5 ).
Substitution of histidine at position 411 was designed to remove the hydrogen bond and also introduce a positive charge there. The S411H mutation increased pK 1 and decreased pK 2 of the free enzyme and enzyme-substrate complex. The different pK values of S411H GA and S411A GA may be caused by the introduced positive charge and steric hinderances of the bigger side-chain of the former. The S411H mutation increased pK 1 of the maltose-complexed form by only 0.3 units relative to that of S411A GA, while it reduced pK 2 of the free enzyme and maltose-complexed form by 0.9 and 1.6 units relative to that of S411A GA. Since the positive charge is supposed to stabilize the negative charge of catalytic group to reduce both pK values, the increased pK 1 may be from the steric effect. Since the distance between atom OE1 of Glu179 and atom OG of Ser411 is 10.9 Å (Aleshin et al., 1994a) and the side-chain of histidine is bigger than that of serine, the distance between atom OE1 of Glu179 and the imidazole of His411 should be much closer. The decreased pK 2 values of the free enzymes and maltose-complexed form in S411H GA indicate that the positive charge of histidine stabilized the negatively charged form of Glu179 and then lowered the pK 2 values. The electrostatic interaction between two ions can exist at a distance as far as 14-15 Å and still affect the pH dependence of an enzyme (Thomas et al., 1985) .
Substitution of aspartate at position 411 was designed to remove the hydrogen bond and also introduce a negative charge there. The S411D mutation increased the pK 1 of the free enzyme and the maltose-complexed form and decreased the pK 2 of the maltose-complexed form. Since the S411D mutation produced similar increases in the pK 1 as that of the S411A mutation, the negative charge introduced by the S411D mutation might not contribute to the pK 1 of the free enzyme and enzyme-substrate complex or the effect of negative charge might be weakened by the steric effects. However, the S411D mutation did decrease the pK 2 of the free enzyme and the maltose-complexed form by 0.1 and 0.8 units, respectively, relative to that of S411A GA. In light of the large decrease in the pK 2 of the maltose-complexed form compared with that of the free enzyme of S411D GA and the expected increase in the pK values by introducing a negative charge, the lowered pK 2 values may alternatively be accounted for by the effect of increased size of the amino acid side chain on the maltose binding instead of electrostatic interaction between Asp411 and Glu179. In general, mutations at position 411 affected the pK values and pH optima of the enzyme-substrate complex more than that of the free enzyme. This may be explained from the threedimensional structures of GA complexed with the inhibitor acarbose (Aleshin et al., 1994a (Aleshin et al., , 1996 which showed that the 6-OH of the first sugar residue of acarbose hydrogen bonds to a water molecule (Wat500) (Figure 1) , and Wat500 is involved in the hydrogen bonding network in the active site ( Figure 5 ). The hydrogen bonding network around position 411 might be affected more in the enzyme-substrate complex than in the free enzyme.
In summary, the hydrogen bond between Glu400 and Ser411 plays an important role in the pH dependence of GA. All five mutations at position 411 successfully increased the pH optimum of their respective enzyme-substrate complexes from 0.2 to 0.9 units, mainly due to increased pK 1 values. S411A is the best pH performing mutant of GA isolated to date, increasing the pH optimum by 0.8 units while maintaining a high level of catalytic activity and catalytic efficiency. The hydrolysis of 28% DE 10 maltodextrin also showed that S411A GA has the potential to be used at higher pHs in starch saccharification. However, the narrowness of the initial rate versus pH curves of S411A ( Figure 3 ) may limit the advantage of this mutant in practical application to only about 0.4 pH units.
